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Abstract: Desulfurizing high-sulfur coking coal, a strategically valuable resource, optimizes its 
utilization and reduces environmental sulfur emissions. This study investigated moderate oxidation to 
enhance flotation desulfurization of a fine coking coal (1.66% sulfur) from Guizhou, China. Without 
oxidant, single flotation of -0.2 mm feed yielded clean coal (89.91% yield, 1.32% sulfur and 11.89% ash), 
while adding 500 g/t oxidizing agent with 9-minute conditioning improved desulfurization 
performance (90.64% yield, 1.10% sulfur, 11.21% ash). Adopting a single roughing-single cleaning 
circuit further reduced the sulfur content of the final clean coal (84.73% yield, 1.04% sulfur, 11.37% ash). 
Flotation tests of pure minerals, combined with coating angle, induction time, microcalorimetry, AFM 
and Raman revealed oxidation significantly modifies pyrite. The contact angle decreased (75.6° to 31.3°), 
coating angle decreased (103.70° to 57.85°), induction time increased (5 ms to 50 ms), and wetting heat 
increased (1.85 J/g to 3.66 J/g). This is attributed to hydrophilic compound formation (e.g., Fe2(SO4)3, 
CaSO4, Fe(OH)3) on pyrite. Deposited hydrophilic species enhance pyrite hydrophilicity, leading to 
reduced floatability. The oxidation of the slurry significantly governs the amount of hydrophilic species 
formed on pyrite. Moderate oxidation effectively regulates their formation, enhancing pyrite 
depression. This provides a scientific basis for deep desulfurization technologies. 
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1. Introduction 

Sulfur is widely recognized as one of the major hazardous contaminant elements in coal, playing a 
significant role in affecting coal quality and posing potential risks during coal utilization processes 
(Chou, 2012; Zhang et al., 2014). The direct combustion or conversion processes of high-sulfur coal 
release substantial amounts of sulfur oxides, causing atmospheric pollution and equipment 
corrosion, which pose significant threats to industrial and agricultural production as well as human 
health (Munawer, 2018; Dai et al., 2021; Debiagi et al., 2021; Prakash et al., 2023). Coal 
desulfurization enhances calorific value, reduces subsequent pollution control costs, and mitigates 
environmental risks (Tang et al., 2020). Furthermore, many downstream users impose strict sulfur 
limits; for example, coking coal typically requires S≤1.0% (Mu et al., 2020). Thus, developing 
efficient coal desulfurization technologies is crucial for improving resource utilization efficiency 
and reducing environmental impact, thereby aligning with sustainable development goals (Xia et 
al., 2017).  

Guizhou Province boasts the richest coal resources in southern China, with large reserves and 
diverse coal types (Hou et al., 2024). In 2024, Guizhou's verified coal reserves stood at 80.617 billion 
tons, ranking fifth nationally. This includes 13.960 billion tons of coking coal reserves, placing third 
nationwide (Hou et al., 2025). However, Guizhou coal generally exhibits high sulfur content, with high-
sulfur coal (totalt sulfur >3%) accounting for 35% of reserves (Jiao et al., 2023). This poses a major 
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challenge to clean and efficient utilization of coal resources. Notably, a portion of this high-sulfur coal 
comprises coking coal (e.g., coking coal in Liuzhi and Shuicheng areas contains sulfur 2-6%) (Chou 
2012). Failure to reduce its sulfur content below 1% would force these valuable coking coal resources to 
be used as thermal coal, resulting in resource waste and economic losses.  

Sulfur in coal primarily occurs as pyritic sulfur (KAawatra et al., 1992; Diehl et al., 2012), making 
pyrite removal the primary aim of coal desulfurization (Qi et al., 2020). Conventional gravity separation 
methods (e.g., dense medium separation, jigging) struggle to achieve sufficiently low sulfur levels in 
clean coal when processing coarse coal (Phengsaart et al., 2023). Conversely, flotation effectively 
separates fine and ultrafine coal by exploiting surface property differences between pyrite and coal 
particles (Heet al., 2018; Ercan 2018). However, previous studies indicate that pyrite in coal (coal-pyrite) 
exhibits surface properties similar to coal  (Hou et al., 2025), making it more floatable than common 
pyrite (Li et al., 2022). In coal slime flotation systems, it readily reports to the froth alongside coal 
particles, significantly reducing desulfurization efficiency (Zhao et al., 2021; Qi et al., 2019). Thus, 
adding depressants to enhance the depression of coal-pyrite is a critical aspect of desulfurization during 
coal slime flotation. 

Lime (active component CaO) is a common pyrite depressant in coal slime flotation. Extensive 
studies confirm that adding lime to the pulp significantly reduces sulfur content in clean coal 
(Cheng et al., 2024; Zhang et al., 2020). Liao et al. attributed lime's depression of pyrite to the 
adsorption of Ca2+ and Ca(OH)+ onto its surface under alkaline conditions, enhancing 
hydrophilicity. Cyanides, Na2S2O3, CaCl2, and ZnSO4 also exhibit depressive effects (Li et al. 2022; 
Guo et al., 2014). Organic depressants like starch, vitamin C, thioglycolic acid, carboxymethyl 
cellulose, pyrogallol, and sodium humate inhibit pyrite, with starch showing relatively good 
efficacy (Han et al., 2019; Zhou et al., 2019; Bulut et al., 2012; Brenton, Chimonyo et al., 2020; Wang 
et al., 2023). However, organic depressants are less practically applied due to higher costs. 
Additionally, adding oxidants (e.g., KMnO4, H2O2, Ca(ClO)2, KHSO5, Fe4[Fe(CN)6]3) promotes 
pyrite surface oxidation, achieving depression (Yang et al., 2022; Zhao et al., 2022; Cao, et al., 2024; 
Jiang et al., 2022; Bai et al., 2019). Current research explores combining depressants with oxidants 
to enhance pyrite depression. However, these studies primarily focus on pyrite depression in 
polymetallic sulfide flotation, with limited research on desulfurization via fine coal flotation (Gan 
et al., 2023; Chen et al., 2024). 

A coal preparation plant in Guizhou Province processes high-sulfur fine coking coal via 
flotation. However, the sulfur content of the clean coal remains relatively high sulfur 1.66%, failing 
to meet coking coal quality standards. This study investigates this flotation clean coal, aiming to 
enhance the depression of coal-pyrite and improve desulfurization efficiency by implementing 
oxidation conditioning of the flotation pulp. Furthermore, multiple characterization techniques are 
employed to elucidate the alteration in surface wettability of coal-pyrite under oxidation, offering 
a scientific basis for deep desulfurization of similar high-sulfur coals via flotation. 

2.       Samples and testing methods 

2.1.     Samples 

2.1.1.  Coal sample 

The feed for flotation tests was collected from the clean coal product of a coking coal preparation plant's 
flotation circuit. The sample was air-dried, thoroughly homogenized, riffled, sealed in bags, and stored 
for later use. Analysis showed the air-dried basis moisture 2.28%, dry basis ash 12.72%, and dry basis 
total sulfur 1.66%. Its dry ash-free basis volatile 19.92%, and caking index 66 classified it as coking coal. 
The result of the sizing analysis of the feed was shown in Table 1. The feed exhibited a predominantly 
fine particle size distribution, with low coarse particle content (+0.25 mm accounts for 8.68%) and high 
fines content (-0.075 mm accounts for 53.02%). Intermediate size fractions showed relatively higher ash 
and sulfur contents. No significant correlation existed between sulfur and ash. Inorganic sulfur (pyritic 
+ sulfate sulfur), constituting approximately 92.78% of total sulfur, was the dominant form, while 
organic sulfur accounted for only 7.22% (Table 2). This sulfur distribution theoretically supports the 
feasibility of desulfurization by flotation. 
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Table 1. Screen analysis of the feed 

Size fraction / mm yield/% sulfur/% ash content/% 

+0.25 8.68 1.13 11.71 

-0.25+0.15 19.74 1.39 19.21 

-0.15+0.075 18.56 1.71 15.57 

-0.075+0.045 17.09 2.12 13.80 

-0.045+0.038 2.70 2.06 12.83 

-0.038 33.23 1.48 10.03 

Sum. 100 1.60 13.73 

Table 2. Content of sulfur forms and total sulfur in raw coal, % 

St Ss SP So 

1.66 0.02 1.52 0.12 

2.1.2. Coal-pyrite 

Coal-pyrite crystals with relatively coarse grains were hand-picked from the raw coal of the preparation 
plant to prepare pure mineral flotation samples. After grinding, impurities (primarily coal particles) 
were manually removed under a microscope. The purified pyrite was then ultrasonically cleaned in 
deionized water, rinsed with absolute ethanol, and dried at low temperature. For bulk coal-pyrite 
samples, one surface was ground and polished to create a smooth test surface. Powder samples were 
pulverized to -0.075 mm using a vibratory mill for subsequent use. As shown in Fig. 1, XRD analysis of 
the purified pyrite revealed diffraction patterns highly consistent with the FeS2 reference standard 
(PDF#71-0053). XRF analysis indicated a combined S and Fe content of 97.55% (corresponding to a 
calculated pyrite content of 95.14%), with minor amounts of C, Si, Al, and trace K and Ca (Table 3). 
These results confirm the high purity of the sample.  

 
Fig. 1. Coal pyrite XRD diffractogram 

Table 3. Chemical composition of the pyrite sample 

Component S Fe Al Si K Ca 
content/% 50.74 46.81 0.23 0.42 0.007 0.04 
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2.2.   Testing methods 

2.2.1. Pure mineral flotation 

Pure mineral flotation tests were conducted using a laboratory-scale flotation machine (Model XFGCII, 
Jilin Exploration Machinery Factory, China) with a 45 mL flotation cell. A 2 g sample of pyrite powder, 
ground to a particle size of minus 0.075 mm, was weighed and introduced into the flotation cell. 
Subsequently, 40 mL of deionized water was added. After stirring for 60 s, an oxidizing agent was 
added to perform slurry oxidation treatment. Following this, reagents were sequentially added in the 
following order: a depressant (acting time: 120 s), a collector (acting time: 60 s), and a frother (acting 
time: 60 s). Air was then introduced, and froth was continuously scraped. The flotation products were 
filtered and subsequently placed in a vacuum drying oven at 45±1 ℃ until constant weight was 
achieved. 

2.2.2. Coal slime flotation 

Coal slime flotation tests were conducted in a single-cell flotation machine (Model RK/FD, Wuhan Rock 
Grinding Equipment Manufacturing Co., Ltd., China) with a flotation cell volume of 0.75 L. A a series 
of 3 exploratory tests were performed for the same feed, Measurements were carried out on the yield, 
ash content, and sulfur content of both clean coal and tailings, and we found that the experimental 
errors were constrained within the acceptable range. The pulp density was maintained at 45 g/L. 
Following the procedure established in the pure mineral flotation tests, reagents were added 
sequentially: an oxidizing agent (H2O2 or Ca(ClO)2), a depressant (CaO, acting time: 180 s), a collector 
(kerosene, acting time: 60 s), and a frother (2-octanol, acting time: 60 s). Flotation was then performed 
for 180 s with air supply.  

2.2.3. Mineral composition determination 

The phase composition and crystallographic characteristics of the pyrite samples were analyzed using 
X-ray diffraction (XRD). The measurement parameters were set as follows: step size of 0.02°, scan rate 
of 2 °/min, scanning range of 10°≤2θ≤80°, tube voltage of 40 kV, and tube current of 40 mA. Whole-
pattern fitting analysis was performed using Jade 6.5 software.  

2.2.4. Contact angle measurement 

The surface contact angle of the pyrite samples was measured using a contact angle goniometer (Model 
HARKE-SPCAX3, Harke Testing Instrument Factory, Beijing, China) employing the sessile drop 
method. Bulk pyrite samples were selected, ground, and polished. The polished surfaces were then 
immersed in collector solutions of varying concentrations for 10 minutes, corresponding to the flotation 
conditions. After air-drying at room temperature, the contact angle was measured. Three measurements 
were performed for each sample, and the arithmetic mean was calculated.  

2.2.5. Coating angle and induction time 

The coating angle measurement system is illustrated in Fig. 2, primarily comprising a high-speed CMOS 
camera, a microliter syringe system, a capillary tube (inner diameter: 2.00 ± 0.01 mm), a quartz reaction 
cell (3.5×3.5×5 cm), and a magnetic stirring system. The experimental procedure was as follows: First, 1 
g of pyrite samples with varying degrees of oxidation (particle size <0.075 mm) was weighed and placed 
into the quartz cell. Subsequently, 40 mL of deionized water was added and stirred for 2 min at a speed 
of 500 r/min. Bubble images were recorded at the corresponding time, and the measured θ value 
represents the coating angle. For the induction time test, 1 g of pyrite powder treated with oxidizing 
agents at different concentrations was added to the test chamber, ensuring it was evenly distributed 
across the bottom. Deionized water was then introduced. A microliter syringe was employed to 
generate uniformly sized bubbles, which were gently lowered downward. The bubble was held in 
contact with the mineral particles for a specific duration and then retracted to its initial position. The 
attachment status of particles to the bubble surface was meticulously observed using an industrial 
camera. The contact duration between the bubble and the particle at the moment of attachment was 
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defined as the induction time (Li et al., 2018). Specific test details followed the methodology described 
in reference (Huang 2025). 

 
Fig. 2. Bubble-particle coating angle test diagram (Huang, 2025) 

2.2.6. Microscopic confocal raman spectroscopy analysis 

Polished bulk pyrite samples were first immersed in an oxidizing agent solution for 10 minutes. After 
immersion, the samples were separated from the solution by vacuum filtration and subsequently dried 
at low temperature. The treated samples were then immersed in a depressant solution for a further 1 
minute. Following this second immersion, vacuum filtration and low-temperature drying were 
repeated. Finally, the processed samples were placed on glass slides and positioned under the objective 
lens for spectral acquisition.  

2.2.7. Atomic force microscopy (AFM) 

Pyrite was cut into block samples measuring 10×10×5 mm and subjected to fine surface polishing. The 
samples were repeatedly rinsed with ethanol, subjected to ultrasonic cleaning, and vacuum-dried. 
Subsequently, the mineral surfaces were treated with different chemical reagents and dried for 
subsequent use. Surface topography was characterized using a Multimode 8.0 Atomic Force Microscope 
(Bruker Dimension ICON) operated in Tapping Mode™. In this mode, a microcantilever probe 
oscillates at high frequency near the sample surface, and surface features are detected through 
interactions between the probe tip and the sample surface mediated by van der Waals forces. Silicon 
nitride probes with silicon tips were employed for imaging, utilizing a resonant frequency of 70 kHz. 
Image acquisition and data analysis were performed using Nanoscope Analysis 1.7 software. 

3.  Results of flotation 

3.1. The influence of feed particle size 

Investigation of the impact of feed particle size (-0.5 mm, -0.3 mm, -0.2 mm, -0.15 mm) on the 
desulfurization efficiency of coal slime flotation was conducted at a pulp density of 45 g/L. Flotation 
tests were performed under the following reagent conditions: depressant (CaO) dosage of 300 g/t, 
frother (pine oil) dosage of 300 g/t, oxidant (Ca(ClO)2) dosage of 500 g/t (with an action time of 6 min), 
and collector (kerosene) dosage of 800 g/t. The results are presented in Fig. 3. When the particle size of 
the feed coal was -0.2 mm, both the ash content and sulfur content of the clean coal were relatively low, 
at 11.10% and 1.16%, respectively, with a corresponding clean coal yield of 89.31%. The improved 
desulfurization efficiency at this size fraction may be attributed to more effective liberation of pyrite 
achieved through grinding. However, further reducing the coal particle size to -0.15 mm resulted in an 
increase in both the sulfur and ash content. This deterioration in separation efficiency is likely due to 
the excessively fine particle size of the coal slime. 

3.2. The influence of oxidant consumption 

The influence of Ca(ClO)2 dosage, varied from 0 to 1000 g/t, on desulfurization efficiency was 
investigated under the following conditions: feed particle size of -0.2 mm, kerosene dosage of 800 g/t, 
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pine oil dosage of 300 g/t, CaO dosage of 300 g/t, and a Ca(ClO)2 action time of 6 minutes. As illustrated 
in Fig. 4, the clean coal yield and ash content remained relatively stable. However, the clean coal sulfur 
content exhibited a trend of initial decrease followed by an increase with rising Ca(ClO)2 dosage. 
Specifically, when no oxidant was added (Ca(ClO)2 dosage = 0 g/t), the clean coal product had a sulfur 
content of 1.32%, an ash content of 11.89%, and a yield of 89.91%. The lowest sulfur content in the clean 
coal (1.17%) was achieved at a Ca(ClO)2 dosage of 500 g/t, with corresponding ash content and yield of 
11.30% and 89.01%, respectively. This condition demonstrated enhanced desulfurization efficiency.  

 
Fig. 3. Effect of raw coal particle size on flotation desulfurization 

 
Fig. 4. Effect of Ca(ClO)2 dosage on flotation desulfurization 

3.3. The influence of oxidation duration 

The preceding experimental results suggest that the intensity of oxidation may influence 
desulfurization efficiency. Consequently, flotation tests were conducted to investigate the effect of 
Ca(ClO)2 oxidizing time duration on the desulfurization of coal slime under the following fixed reagent 
conditions: kerosene dosage of 800 g/t, pine oil dosage of 300 g/t, Ca(ClO)2 dosage of 500 g/t, and CaO 
dosage of 300 g/t. As shown in Fig. 5, the clean coal yield and ash content exhibited minimal variation 
with increasing oxidation duration. Notably, however, the clean coal sulfur content displayed a distinct 
trend of initial decrease followed by a subsequent increase as the Ca(ClO)2 oxidizing duration increased. 
The lowest sulfur content (1.10%) of the clean coal was achieved at an oxidizing time of 9 minutes, with 
corresponding ash content and yield of 10.76% and 89.07%, respectively, indicating enhanced 
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desulfurization efficiency under this condition. Further prolonging the oxidation duration resulted in a 
deterioration of the flotation desulfurization efficiency. 

 
Fig. 5. Effect of Ca(ClO)2 duration on flotation desulfurization 

3.4. The influence of depressant consumption 

As a commonly used depressant, CaO exerts a significant influence on desulfurization efficiency. To 
explore the potential for further enhancement of desulfurization, flotation tests were conducted to 
investigate the effect of CaO dosage on coal slime desulfurization under the following fixed conditions: 
kerosene dosage of 800 g/t, pine oil dosage of 300 g/t, Ca(ClO)2 dosage of 500 g/t, and an oxidizing 
duration of 9 minutes. As depicted in Fig. 6, the ash content exhibited minimal variation with increasing 
CaO dosage. However, the sulfur content of the clean coal demonstrated an initial decrease followed 
by an increase, while the clean coal yield showed a discernible decreasing trend. The lowest sulfur 
content (1.10%) of the clean coal was achieved at a CaO dosage of 300 g/t, accompanied by an ash 
content of 11.21% and a yield as high as 90.64%. This finding suggests that an excessively high dosage 
of the depressant CaO is detrimental to the process. 

 
Fig. 6. Effect of CaO dosage on flotation desulfurization 

3.5. Flotation flowsheet 

Building upon the results of the preceding single-factor conditional tests, a "one roughing-one cleaning" 
process was explored. As illustrated in Fig. 7, the process commenced with a roughing stage conducted 
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under the following conditions: oxidant Ca(ClO)2 dosage of 500 g/t, oxidation duration of 9 min, 
depressant CaO dosage of 300 g/t (action time 2 min), collector kerosene dosage of 800 g/t, and frother 
pine oil dosage of 300 g/t. Subsequently, the rougher clean coal concentrate underwent a cleaning stage 
under the conditions: supplementary Ca(ClO)2 dosage of 100 g/t, oxidation time of 3 min, and pine oil 
dosage of 100 g/t. Detailed experimental results are presented in Table 4.  

By implementing the "one roughing-one cleaning" separation process, incorporating pulp oxidation 
treatment with Ca(ClO)2 during both the roughing and cleaning stages, a final clean coal product was 
obtained with a sulfur content of 1.04%, an ash content of 11.37%, and a yield of 84.73%. These product 
parameters essentially met the basic quality requirements for coking coal (sulfur content≤1.0%, ash 
content≤12.5%).  

 
Fig. 7. Coal slime flotation process 

Table 4. Coal slime flotation test results 

stage product sulfur (%) ash (%) yield of this stage (%) yield (%) 

roughing 
roughing clean coal 1.10 11.21 90.64 / 

roughing tailing 7.08 21.46 9.36 / 
Sum. 1.65 12.17 100 / 

cleaning 
cleaning clean coal 1.04 11.37 93.48 84.73 

cleaning tailing 2.54 8.92 6.52 5.91 
Sum. 1.14 11.47 100 90.64 

The feed 1.66 12.72 100 100 

4.  The inhibitory mechanism of oxidation on pyrite 

4.1. The flotation behavior of pyrite 

Using pyrite powder samples as the research object, pure mineral flotation tests were conducted under 
fixed conditions of 500 g/t kerosene, 100 g/t pine oil. The test results are presented in Fig. 8.  

When only CaO was added, the flotation ratio of pyrite initially decreased and then increased with 
increasing CaO dosage. The minimum ratio (21.36%) was observed at a CaO dosage of 300 g/t. Under 
the condition of adding only H2O2, the pyrite ratio also decreased significantly, reaching a minimum 
value of 18.11% at an H2O2 dosage of 500 g/t. These results indicate that a certain dosage of either CaO 
or H2O2 exerts a depressive effect on pyrite flotation, leading to a reduction in its ratio.  

Building upon this foundation, we investigated the flotation behavior of pyrite under the combined 
action of CaO and H2O2/Ca(ClO)2. As shown by the red curve in Fig. 8, the minimum flotation recovery 
of pyrite reached 8.70% and 8.86% when using 300 g/t CaO and 500 g/t H2O2/Ca(ClO)2. This value is 
significantly lower than the ratios observed with either CaO or H2O2 alone, indicating that the 
simultaneous addition of H2O2 and CaO produces a synergistic effect, enhancing the depressive effect 
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on pyrite. Furthermore, both the H2O2 dosage and its duration time exhibited a common pattern 
regarding their impact on pyrite ratio: Within a certain range, increasing the oxidant dosage or 
extending the action time strengthened the depression of pyrite. However, excessive oxidant dosage or 
prolonged action time counterintuitively diminished the depressive effect. This demonstrates that the 
oxidative regulation of the pulp should be controlled to achieve an appropriate oxidation intensity to 
ensure optimal desulfurization performance.  

 
Fig. 8. Effect of reagent dosage and oxidation duration on the floating ratio of pyrite 

In Fig. 8, Ca(ClO)2 and H2O2 exhibited similar inhibitory performance during oxidant type screening. 
However, Ca(ClO)2 typically exists in a suspended form, whereas H2O2 present as a homogeneous 
aqueous solution. Since the mechanism section focuses on investigating the effect of oxidation on the 
surface properties of pyrite, H2O2 was selected as a better oxidant. This selection was made to eliminate 
the effect of suspended Ca(ClO)2 particles on the physical coverage of pyrite surface and confound the 
experimental results. 

4.2. The contact angles 

The contact angle measurement results for the pyrite surface are presented in Fig. 9. In the absence of 
any reagents, the pyrite exhibited a relatively large contact angle of 72.3° (Fig.9-a), indicating its inherent 
strong hydrophobicity. After treatment with 300 g/t H2O2 alone for 3 minutes, the contact angle 
decreased to 54.1° (Fig. 9-b). Similarly, treatment with 300 g/t CaO alone resulted in a contact angle of 
55.7° (Fig. 9-c). These observations demonstrate that the addition of either CaO or H2O2 alone enhances 
the hydrophilicity of the pyrite surface to some extent. Maintaining a constant CaO dosage of 300 g/t, 
the contact angle showed a trend of initial decrease followed by an increase as the H2O2 dosage was 
raised (with the oxidation duration fixed at 3 minutes). The minimum contact angle observed was 31.3° 
at an oxidant (H2O2) concentration of 500 g/t (Fig. 9-d). The pattern of contact angle changes described 
above indicates that moderate oxidation in the presence of CaO reduces the surface hydrophobicity of 
pyrite, thereby enhancing its surface hydrophilicity and leading to a decrease in flotation ratio.  

4.3. The coating angles 

As shown in Fig. 10, the coating angle formed by particles on bubbles decreased initially and then 
increased with increasing H2O2 dosage. In the absence of reagents, the coating angle was 103.70°, 
indicating considerable pyrite particle adsorption to the bubble surface (Fig. 10-a). After treatment with 
300 g/t H2O2 alone for 3 minutes, the coating angle decreased to 89.80° (Fig. 10-b). Similarly, treatment 
with 300 g/t CaO alone yielded a coating angle of 91.22° (Fig. 10-c). Both values are significantly lower 
than the angle observed without reagents, demonstrating a depressive effect on pyrite by either CaO or H2O2.  
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Fig. 9. Effect of different reagent conditions on the contact angle of pyrite, (a) no regent, (b) H2O2, (c) CaO,  

(d) CaO+H2O2(variable) 

Maintaining a constant CaO dosage of 300 g/t, the coating angle exhibited an initial decrease 
followed by an increase as the H2O2 dosage was raised (with the duration time of 3 minutes). A 
minimum coating angle of 57.85° was achieved at an H2O2 dosage of 500 g/t (Fig. 10-d), indicating that 
the synergistic action of CaO and H2O2 effectively reduces particle adhesion. The pattern of coating 
angle changes described above demonstrates that moderate pulp oxidation in the presence of CaO 
reduces the adsorption of pyrite particles onto bubbles. This reduction in adsorption is directly 
responsible for the observed decrease in pyrite flotation ratios. 

 

 
Fig. 10. Effect of different reagent conditions on the coating angle of pyrite, (a) no regent, (b) H2O2, (c) CaO,  

(d) CaO+H2O2(variable) 
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4.4. The induction time 

As shown in Fig. 11, the induction time measurements revealed that the shortest induction time 
required for attachment between pyrite particles and bubbles was 8 ms in the absence of any reagents. 
When treated with 500 g/t H2O2 for 3 minutes, the induction time increased to 15 ms, while treatment 
with 300 g/t CaO resulted in an induction time of 18 ms. These results demonstrate that the addition of 
either H2O2 or CaO prolongs the time necessary for contact and attachment between pyrite particles 
and bubbles. Building upon these findings, the effect of the combined action of CaO and H2O2 on 
induction time was investigated. Maintaining a constant CaO dosage of 300 g/t, the induction time 
between bubbles and particles increased initially and then decreased as the H2O2 dosage was increased 
(with a fixed duration of 3 minutes). The induction time peaked at 50 ms when the H2O2 dosage was 
500 g/t. This indicates that the combined action of CaO and H2O2 significantly prolongs the induction 
time, thus hindering bubble mineralization (particle loading).  

 
Fig. 11. Effect of different reagent conditions on the induction time 

4.5. The wetting heat  

The micro-reaction heat between pyrite and water (also known as the wetting heat), reflects the reaction 
process between pyrite and water. Specifically, if the measured microcalorimetric value is negative, it 
indicates that the adsorption reaction of water molecules on the pyrite surface is an exothermic process, 
and this adsorption occurs spontaneously.  

As shown in Fig. 12, without any reagents, the wetting heat for pyrite and water was -1.85 J/g. In 
comparison, when H2O2 (500 g/t) and CaO (300 g/t) were added individually, the wetting heat were -
1.98 J/g and -1.95 J/g, respectively. Both values are greater (more negative) than that observed without 
reagents. Simultaneously adding CaO and H2O2 to the pulp further increased the heat of wetting. 
Specifically, at a fixed CaO dosage of 300 g/t, the wetting heat between pyrite and water initially 
increased and then decreased as the H2O2 dosage increased (with a reaction duration of 3 minutes). The 
wetting heat reached a maximum value of -3.66 J/g at an H2O2 dosage of 500 g/t. This essentially 
explains that after treatment with both H2O2 and CaO, the reaction intensity between the pyrite surface 
and water molecules is significantly greater. This manifests as enhanced hydrophilicity and reduced 
hydrophobicity of the pyrite surface, resulting in the depression of pyrite flotation.  

4.5.    Surface material characteristics 

4.5.1. Surface microscopic morphology 

Given that oxidation occurs exclusively on the mineral surface, it is necessary to investigate the effect 
of oxidation on the surface morphology of pyrite. Evidence suggests that oxidation may preferentially 
initiate at surface defects, leading to an increase in the hydrophilicity of the mineral surface (Tu et al. 
2017., Ramírez-Aldaba et al., 2016). AFM was employed to analyze the distribution of dendritic 
protrusions on the pyrite surface following oxidation treatment with different reagents. The three-
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dimensional topographies of the pyrite surface before and after oxidation are presented in Fig. 13.  
As observed in Fig. 13-a, the unoxidized pyrite surface exhibited a certain degree of roughness, with 

a root mean square (RMS) roughness of 22.6 nm, attributable to scratches introduced during the 
polishing process. When CaO or H2O2 was added individually, a small number of dendritic protrusions 
appeared on the pyrite surface (Fig. 13-b and 13-c). The corresponding RMS roughness values were 35.2 
nm and 38.3 nm, respectively, representing a significant increase compared to the pre-oxidation state. 
This increase is likely due to surface corrosion induced by oxidation and the accumulation of oxidation 
products on the mineral surface. Under the simultaneous addition of CaO and H2O2, a substantial 
quantity of dendritic protrusions was observed on the pyrite surface (Fig. 13-d), and the RMS roughness 
reached 85.5 nm. This value is markedly higher than those obtained with either reagent alone. These 
results indicate that the combined action of H2O2 and CaO significantly increased the surface roughness 
of pyrite. Integrating this finding with data from pure mineral flotation tests and discussion above, it is 
postulated that the increased surface roughness may be one factor hindering the attachment between 
the mineral particles and air bubbles, thereby inhibiting flotation. 

 
Fig. 12. Effect of different reagent conditions on the wetting heat 

    

    

Fig. 13. AFM images of pyrite samples treated with different reagents (a) no treatment, (b) CaO, (c)H2O2,  
(d) CaO+H2O2 
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4.5.2. Surface material composition 

Microscopic confocal raman spectroscopy was employed to analyze the surface composition of pyrite 
samples treated with CaO, H2O2, and CaO+H2O2, as presented in Fig. 14. As shown in Fig. 14-a, the 
surface of the untreated sample exhibited characteristic spectral features corresponding to pyrite (blue 
regions) and coal organic matter (red regions). Characteristic vibrational bands of pyrite were detected 
within the wavenumber ranges of 342.3-344.4 cm-1, 378.7-380.4 cm-1, and 431.6-432.2 cm-1. These bands 
are assigned to Fe-S bond deformation vibration, Fe-S bond stretching vibration, and S-S bond 
stretching vibration modes, respectively (Gao et al., 2022; Zhang et al., 2025). 

 

Fig.14. Microscopic imaging, Raman imaging and spectra of pyrite under different reagents (a) no treatment,  
(b) CaO, (c) H2O2, (d) CaO+H2O2 

Following treatment with CaO, the pyrite characteristic band intensities exhibited an observable 
decrease (Fig. 14-b). The Ca-OH band is the most intense and sharpest peak within the O-H symmetric 
stretching region (3100-3700 cm-1). Therefore, the band observed at 3314.8 cm-1 is attributed to Ca(OH)2, 
indicating that the addition of CaO likely resulted in the adsorption and deposition of a small amount 
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of calcium-containing species on the pyrite surface. This process did not involve a strong chemical 
reaction with the pyrite surface generating new reaction products (Tian et al., 2020). As shown in Fig. 
14-c, the peak intensities of pyrite decreased after H2O2 treatment, signifying a significant alteration in 
its surface composition. The Raman spectrum of pyrite displayed a substantial increase in the number 
of additional peaks alongside peak broadening (increased full width at half maximum). Specifically, 
characteristic bands of Fe2O3 appeared near 204.85 cm-1 and 356.26 cm-1 (Kirik et al., 2023), and bands 
characteristic of Fe(OH)3 were detected near 128.77 cm-1 and 466.10 cm-1 (Yoon et al., 2024). This 
demonstrates that oxidation occurred on the pyrite surface, leading to the accumulation of oxidation 
products. Fig. 14-d reveals that under the combined action of CaO and H2O2, the pyrite band intensities 
were further reduced. Concurrently, the intensities of the characteristic bands for Fe2O3, Fe(OH)3, and 
Ca(OH)2 increased. Furthermore, a Raman band corresponding to SO42- appeared at 1009.74 cm-1 
(within the characteristic range of 980-1020 cm-1) (Schmidt et al., 2017). These observations indicate an 
intensified oxidation of the pyrite surface under these conditions, generating species such as Ca(OH)2, 
iron oxides, and sulfates (e.g., Fe2(SO4)3, CaSO4). These compounds are the primary contributors to the 
enhanced hydrophilicity of the pyrite surface. Synthesizing the preceding analyses, it is evident that 
slurry oxidation treatment induces oxidation on the pyrite surface. Particularly under the combined 
action of CaO and H2O2 at moderate oxidation intensity, the pyrite surface accumulates hydrophilic 
species such as Fe2(SO4)3, CaSO4, and Ca(OH)2. This accumulation leads to: (a) increased surface 
roughness, (b) decreased contact angle and wetting angle, (c) prolonged induction time, and (d) 
Enhanced wetting heat. These observations collectively demonstrate that the controllable oxidation 
treatment of the pulp effectively enhances the hydrophilicity of pyrite, consequently diminishing its 
floatability (Fig. 15). This explains the underlying mechanism by which slurry oxidation facilitates the 
deep desulfurization of coal fines.  

 
Fig. 15. Schematic diagram of moderate oxidation of flotation pulp for deep desulfurization of fine coking coal 

5. Conclusions 

Flotation was employed for the desulfurization of coking coal with an initial sulfur of 1.66%. Under the 
conditions of a grind size of -0.2 mm, CaO 300 g/t, kerosene 800 g/t, and pine oil 300 g/t, a single 
roughing flotation stage yielded a clean coal product with a sulfur of 1.32% and an ash of 11.89%. The 
clean coal yield was 89.91%. Building upon this, the slurry oxidation method was implemented in a 
"one roughing-one cleaning" flowsheet. In the roughing stage, the Ca(ClO)2 was added at 500 g/t and 
conditioned for 9 minutes. Subsequently, in the cleaning stage, Ca(ClO)2 was added at 100 g/t and 
conditioned for 3 minutes. Following this, a final clean coal product was achieved with a sulfur of 1.04% 
and an ash of 11.37%. The clean coal yield reached 84.73%. 

Through pure mineral flotation tests and measurements of contact angle, coating angle, induction 
time, and wetting heat, it was found that after adding an oxidant to the slurry with moderate oxidation 
intensity, the contact angle on the pyrite surface decreased, the coating angle of particles on bubbles 
reduced, the particle-bubble induction time prolonged, and the wetting heat between pyrite and water 
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molecules increased. These changes ultimately led to a decrease in the floatability of pyrite. Analyses of 
AFM and Raman spectroscopy confirmed that the oxidant can accelerate the surface oxidation process, 
promoting the formation of hydrophilic products such as Fe2(SO4)3, CaSO4, and Ca(OH)2. The coating 
formed by these products on the pyrite surface weakens the surface hydrophobicity, resulting in the 
inhibition of pyrite during flotation. 
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